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ABSTRACT 
A first generation dendrimer comprised of a 9,9,9’,9’-tetra-n-hexyl substituted 2,2’-bifluorene core, biphenyl dendrons, 
and 2-ethylhexyloxy surface groups can rapidly detect high electron affinity, explosive-related analytes such as p-
nitrotoluene and 2,4-dinitrotoluene. Stern-Volmer analysis of the dendrimer in solution showed that the quenching could 
be either collisional or static but not a combination of the two mechanisms. The Stern-Volmer analysis was found to be 
critically dependent on correcting for the absorption of the analyte at the excitation wavelength and the inner filter effect. 
Films of the dendrimer were found to have a measurable decrease in the PL for all the nitroaromatic analytes in seconds. 
The luminescence of the films could be recovered on removal of the analyte. It was found that both thin (25 nm) and 
thick (80 nm) films showed a rapid response to the analytes but for the less volatile analytes the final level of quenching 
was less for the thicker films. 
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1. INTRODUCTION 
Rapid and accurate detection of explosive devices continues to be a high priority for security services and armed forces 
alike.1 There are many different explosive compounds, but a large proportion of the most common high explosives 
include a nitro or nitroaromatic group, for example, 2,4,6-trinitrotoluene (TNT). The importance of detecting such 
explosives is reflected in the wide ranging research focusing on the design of sensors that target nitroaromatics.2, 3 There 
are a variety of commercially available static methods for detecting explosives, including X-ray scanning and ion 
mobility spectrometry (IMS). However, while these static systems play an important role there is a strong motivation to 
produce a hand-held and reliable detection system that is rugged enough to use in the field, and sensitive enough to 
replace the specially trained canines. Chemosensors based on oxidative photoluminescence (PL) quenching of 
conjugated polymers have proven to be promising candidates, providing a portable technology capable of detecting the 
trace levels of vapors given off by explosive compounds.4 
For oxidative PL quenching to be effective in detecting explosive analytes, the sensing material needs to be highly 
luminescent in the solid state, have an affinity for the analyte, and have suitable energy levels for the oxidation process to 
occur spontaneously. In principle, the sensing mechanism is simple; in the absence of an analyte photoexcitation of the 
sensing material leads to the generation of an exciton, which in turn can decay radiatively. However, when a high 
electron affinity analyte is present, the excited electron of the exciton is transferred to the analyte LUMO, which in turn 
decays to the ground state non-radiatively, and the PL is quenched. This process is known as a “turn-off” mechanism. 
For this process to occur efficiently the lowest unoccupied molecular orbital (LUMO) of the sensor should be higher in 
energy than the LUMO of the analyte by an amount greater than the exciton binding energy.5 
While conjugated polymers have already been used to detect a range of analytes by a quenching mechanism.3, 5-11 
polymeric materials have a number of characteristics that can make them difficult to work with including; synthesis 
reproducibility, purity, polydispersity, and polymer films tend to have complex morphologies. Another issue is that 
polymer chains often pack very closely in the solid state, which can lead to a low photoluminescent quantum yield 
(PLQY) due to self-quenching, making it necessary to introduce relatively elaborate structures into the polymeric 
backbone.12 The elaborate structures have also been reported to play an important role in providing space in the film to 
allow the analytes to diffuse in and out. 
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Light-emitting dendrimers are macromolecules that consist of a core, dendrons, and surface groups. Most light-emitting 
dendrimers have the chromophore at the centre of the macromolecule with the dendrons providing control over the 
intermolecular interactions that can lead to the quenching of the luminescence. The surface groups on the distal ends of 
the dendrons are primarily responsible for conferring solubility and processability. Dendrimers are mono-disperse and 
have easily reproducible syntheses, and they can be designed such that the energy levels of the luminescent chromophore 
are suitable for being quenched by explosive analytes. In this paper we report a study on the use of a first generation 
dendrimer comprised of a 9,9,9’,9’-tetra-n-hexyl substituted 2,2’-bifluorene core, biphenyl dendrons, and 2-
ethylhexyloxy surface groups (1 in Figure 1) for detecting high electron affinity analytes. Dendrimer 1 is highly 
luminescent in the solid-state with a PLQY of 92%.13 The high film PLQY of 1 has already been exploited in organic 
light-emitting diodes and lasing applications.14 
 
Figure 1: Structure of the first generation bifluorene-cored dendrimer 1 with biphenyl-based 
dendrons and 2-ethylhexyloxy surface groups. 
2. EXPERIMENTAL METHODS 
UV-vis absorption spectra were recorded on Varian Cary 5000 and Varian Cary 300 spectrophotometers using a spectral 
bandwidth of 2 nm. Fluorescence spectra and intensity measurements were recorded on a Horiba Jobin-Yvon Fluorolog 
Tau system. The signal to noise ratio was optimized by using excitation and emission slit widths of 0.7 nm and 3.0 nm 
respectively, 0.5 nm increments and an integration time of 0.25 s. An excitation wavelength of 352 nm was used and the 
results were corrected for variations in excitation intensity. Solutions of dendrimer 1 in chloroform at a concentration of 
1 × 10-6 M were used in order to maintain an optical density below 0.1. Quenching experiments were performed by 
micro-titration in a fluorescence cuvette. In a typical procedure, 2.5 mL of dendrimer solution was placed in the cuvette 
and the fluorescence spectrum recorded in the absence of analyte. Fluorescence and absorption spectra were then 
repeatedly obtained after each addition of microliter aliquots of a solution containing the dendrimer at 1 × 10-6 M 
concentration and the analyte (0.01 M). The fluorescence spectra were corrected for attenuation of the excitation by the 
analyte molecules, which do not fluoresce, and also for re-absorption of the emission.15 
Thin films of dendrimer 1 on glass substrates for fluorescent quenching measurements were formed by spin-coating from 
toluene at a concentration of 7 mg mL-1 and 20 mg mL-1 at a spin speed of 2000 r.p.m. to give films with thicknesses of 
25±5 nm and 80±5 nm respectively. Film thicknesses were measured by a Veeco Dektak 150 Surface Profilometer. 
Fluorescence spectra and intensity measurements were recorded on a Horiba Jobin-Yvon Fluorolog Tau system. The 
signal to noise ratio was optimized by using excitation and emission slit widths in the range 0.4-0.5 nm and 2.0-2.2 nm 
respectively, 1 nm increments and an integration time of 0.1 s. Time resolved quenching measurements were carried out 
in the following manner. A quartz fluorescence cuvette was charged with a small quantity of solid analyte (p-
nitrotoluene, 2,4-dinitrotoluene, or 1,4-dinitrobenzene). The analyte was then covered with cotton wool and the cuvette 
was sealed and left for 2-18 hours in order for the atmosphere to fully saturate. The cotton wool serves two purposes; the 
first is to prevent any physical contact of the analyte with the sensor film, the second is to help keep the vapor pressure of 
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analyte inside the cuvette at a constant value when the lid is removed. The films were then placed in the cuvette after it 
had been mounted in the spectrophotometer. The films were excited at 355 nm and the fluorescence measured at 398 nm 
(the emission maximum). The PL intensity was monitored once per second for a period of 200 or 600 seconds. All 
measurements were repeated four times and performed at 23-25 ºC to ensure constant analyte vapor pressure. 
3. SOLUTION QUENCHING 
The mechanism of detection for dendrimer 1 relies upon quenching of its photoluminescence (PL) in the presence of the 
analyte. As such, the PL of 1 was studied in a series of solutions containing high electron affinity analytes at different 
concentrations. A Stern-Volmer analysis of the resulting data provides important information regarding relative rates of 
quenching by each analyte as well as the mechanism of the quenching. In terms of the quenching mechanism there are 
essentially two basic scenarios. The first situation is where the sensor and the analyte are not intimately bound. In this 
case quenching occurs when an analyte collides with an excited sensing (macro)molecule, and this process is known as 
collisional quenching. For this to occur the timescale of the collision must be less than the excited lifetime. The second 
scenario involves the formation of a ground state complex between the analyte and the sensing (macro)molecule before 
the sensing (macro)molecule is excited. In this case the lifetime of the complex of the two components must be longer 
than the exciton lifetime. This latter process is known as static quenching.  
We will first consider a simple bimolecular collisional quenching mechanism. In the absence of an analyte the decay in 
fluorescence can be described by equation 1, and in the presence of a quenching analyte by equation 2.16 
  0
1
0 *][)(
*][ Ftf
dt
Fd −−= τ , (1) 
  *]])[[()(*][ 10 FQktfdt
Fd +−= −τ , (2) 
where [F*] is the concentration of the excited fluorophore, f(t) is the constant excitation function, τ0 is the fluorescence 
lifetime of the emitting species, and k[Q] is the rate of quenching due to a quencher Q. The fluorescence intensity 
observed for a fluorophore is proportional to [F*] and under continuous illumination the concentration of excited 
fluorophores can be assumed to be constant, that is, d[F*]/dt = 0. Thus, division of equation 2 by equation 1 gives 
  ][1 00 QkF
F τ+= , (3) 
where F0 and F are the intensities of fluorescence in the absence and presence of the quencher respectively, and kτ0 can 
be defined as KD, the dynamic (collisional) Stern-Volmer constant. Therefore, if only collisional quenching is occurring, 
a plot of F0/F vs [Q] would give a straight line with gradient KD and an intercept of 1. 
In the case of static quenching the situation is slightly different. In this case the fluorophore [luminescent sensing 
(macro)molecule] and quencher form a ground state ‘dark’ complex, which upon excitation immediately decays back to 
the ground state non-radiatively. The equilibrium constant (KS) (equation 4) for the formation of the ‘dark’ complex is 
  KS = [FQ][F][Q] , (4) 
where [FQ], [F], and [Q] are the concentration of the complex, the free fluorophore, and the free quencher respectively. 
The concentration of fluorophore in the absence of the quencher, [F]0, is simply the sum of [F] and [FQ]. Substituting 
this into equation 4 and rearranging provides equation 5 
  ][10 QK
F
F
S+= , (5) 
that is, a plot of F0/F vs [Q] will again result in a straight line with a gradient equal to KS, the static Stern-Volmer 
constant, and an intercept of 1. Linear Stern-Volmer plots will not distinguish between KD (collisional quenching) and 
KS (static quenching) so the constant is often referred to as KSV, the Stern-Volmer quenching constant. In systems where 
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a more complicated quenching mechanism is occurring, or a combination of static and dynamic quenching occurs, 
deviations from linearity are often observed.16, 17 
Solutions of dendrimer 1 at a concentration of 1 × 10-6 M were tested against the following electron-accepting aromatic 
compounds; 2,4-dinitrotoluene (DNT), 1,4-dinitrobenzene (DNB), para-nitrotoluene (pNT), and benzophenone (BP). 
The solutions were excited at 352 nm and changes in PL intensity were recorded. The first three analytes were chosen 
because they are chemically similar to nitroaromatic compounds commonly found in explosives such as 2,4,6-
trinitrotoluene (TNT),18, 19 and BP was investigated as a high electron affinity aromatic compound without nitro groups 
to act as a control. The concentration of the analytes solutions that were to be added to the dendrimer solutions was 0.01 
M. In addition, to the analyte these solutions also had dendrimer 1 at a concentration of 1 × 10-6 M. The inclusion of the 
dendrimer in the analyte solution meant that the sequential microliter-scale additions of analyte solution increased the 
concentration of the analyte but kept the dendrimer concentration constant. 
Figure 2 shows the solution absorption and PL of dendrimer 1. Figure 3 shows absorption spectra of the solutions upon 
sequential additions of the analyte. In analyzing the data it is important to note that even with the analytes at low 
concentrations, there is significant absorption of the excitation wavelength by the analyte. In addition, there is significant 
overlap of the emission spectrum of the dendrimer (Figure 2) with the absorptions and hence an inner filter effect is also 
observed. It is critical that corrections for these effects are included in the analysis of the Stern-Volmer data. Analyte 
concentrations were chosen so as to retain a linear relationship between concentration and absorbance at the excitation 
wavelength (352 nm) throughout the experiment. 
In analyzing the data the inner filter effect was corrected by division of the observed PL by the transmission of the 
solutions, which was in turn obtained from the absorbance of the solutions. A more significant correction is that for 
direct absorption of the excitation by the analyte, resulting in fewer excited dendrimers and a loss of PL, which would 
otherwise be mistaken for quenching.15 
 
 
Figure 2: Normalized absorption (dashed line) and emission (solid line – excitation 
wavelength = 352 nm) spectra of dendrimer 1 as a solution in dichloromethane. 
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Figure 3: Absorption spectra of solutions of dendrimer 1 upon addition of different analytes 
(pictured in insets). The dendrimer concentration was 1 × 10-6 M in chloroform. The 
spectra correspond to analyte concentrations of (from bottom) 0 M, 9.9 × 10-5 M, 2.0 
× 10-4 M, 2.9 × 10-4 M, 3.8 × 10-4 M, 4.8 × 10-4 M, 5.7 × 10-4 M, 6.5 × 10-4 M, 7.4 × 
10-4 M, 8.3 × 10-4 M, and 9.1 × 10-4 M. 
For a fluorescent dendrimer in solution 
 ( )dzznSI
z
∫∝0 , (6) 
where I0 is the intensity of the fluorescence, S is the area of excitation, and n(z) is the number of excited dendrimers at a 
distance z into the solution. For low concentrations, n(z) can be described by the Beer-Lambert law 
 ( ) ( ) zαenzn 00 −= , (7) 
where α0 is the absorption coefficient of the dendrimer at the excitation wavelength. Substituting for n(z) into equation 6 
and integrating over the path length of the sample, d, we obtain 
 
( ) ( )dαeαnSI 01000 −−
⋅∝ . (8) 
When an absorbing non-emissive analyte, with absorption coefficient α1, is also present in the solution at low enough 
concentration, n(z) can be rewritten 
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Substituting equation 9 into equation 6 and integrating over the path length d results in  
 
( )
( ) ( )( )dααQ eαα nSI 101010 +−−+
⋅∝ , (10) 
where IQ corresponds to the PL intensity of the dendrimer in the presence of the second absorbing species, that is, the 
analyte. The effect of the analyte on the PL intensity can be calculated in terms of a correction factor y where I0 = y× IQ. 
Hence from equation 8 and equation 10 we obtain 
 ( ) ⎟⎟⎠
⎞
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Substituting for the absorption coefficients with  
 
d
Aα 10ln⋅= , (12) 
where A is the absorbance over path length d, gives 
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where A0 and A1 are the absorbance of the dendrimer and the analyte respectively. The equation can be further simplified 
by the substituting for the total absorbance of the mixture of compounds AT = A0 + A1 to give 
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. (14) 
AT and A0 can be measured directly and multiplication of the integrated PL intensity by this factor y provides the 
corrected PL intensity. Both the correction for the inner filter effect, and the correction for attenuation of the excitation 
intensity were applied to all PL spectra before further analysis. 
All four of the analytes caused a decrease in the PL of dendrimer 1 as the concentration of quencher was increased. By 
plotting this change in intensity against the concentration of the analyte we obtained Stern-Volmer plots for each 
quenching molecule (Figure 4). 
All four analytes yielded linear plots suggesting a simple quenching mechanism consisting of either collisional or static 
quenching was occurring. What is clear from these results is that both mechanisms are not in play as in this latter 
scenario the fits would deviate from linearity. The values of KSV were found to be 65±1 M-1, 56±2 M-1, 50±1 M-1, and 
11±1 M-1 for DNT, DNB, pNT and BP respectively. The nitroaromatic compounds all produce much larger values of KSV 
than the control analyte BP, suggesting dendrimer 1 is selective towards these analytes. It is interesting to note that 
although the nitroaromatics give rise to higher KSVs than BP the KSVs for each of the nitroaromatic compounds are fairly 
similar. This is different to that observed for the polymer systems whereby there is a strong difference between the 
different analytes.10, 11 However, in the reports on polymer sensors it is not clear whether the Stern-Volmer analyses have 
been corrected for the absorption of the analyte and/or the inner filter effect and hence the results must be treated with a 
level of caution. It is interesting to note that in one class of polymers used for sensing the explosive analytes the Stern-
Volmer plots are not linear.11 We can achieve a similar result if we do not apply the correction factors suggesting that 
this may not have been done in the polymer case. 
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Figure 4: Stern-Volmer plots for dendrimer 1 with the four different quenchers. Solid lines 
indicate the best fit to the data. 
4. SOLID STATE QUENCHING 
In order for a sensor to be useful for the remote detection of explosives, it must be able to detect trace levels of the 
analyte vapors. In fact, due to the low volatility of TNT it is often the more volatile DNT impurities present in the 
compound that are targeted for detection.20 To test the ability of dendrimer 1 to detect vapors of the analytes, thin films 
were spin-cast onto glass substrates. Two film thicknesses were prepared, 25±5 and 80±5 nm, using two different 
concentrations of spinning solution. These films were subsequently exposed to vapors of pNT, DNT, and DNB and the 
PL intensity monitored over time. 
Figures 5 a) show the full emission spectra of 25 nm films of dendrimer 1 before and after exposure to the analytes. 
Similar spectra (not shown) were obtained for the 80 nm films. Figures 5 b) show how the intensity of the PL drops over 
time when the films are exposed to the analyte vapors. pNT, DNT, and DNB have saturated vapor pressures of 200 parts 
per million (ppm), 180 parts per billion (ppb), and 30 ppb respectively at 25 ºC, with the vapor pressure of DNB being 
comparable to TNT.5 pNT causes an extremely rapid quenching for both film thicknesses resulting in an over 90% 
decrease in PL intensity in just 4 seconds. It is likely that the relatively high vapor pressure of pNT at room temperature 
causes this large and rapid change. DNT causes a 50% quench of the PL in the 25 nm film in 10 s, and 25% decrease in 
the PL of the 80 nm film in the same period of time. Within 1 minute of exposure to the DNT over 75% and 55% of the 
PL is quenched for these films respectively. Finally, DNB shows a similar response to DNT with the PL of the 25 nm 
film becoming over 40% quenched and the 80 nm film almost 10% quenched in 10 s. After 1 minute the quenching 
levels rise to approximately 50% and 20% respectively. The PL of the films can be fully recovered by passing a flow of 
nitrogen over them for a few minutes showing that the quenching of the luminescence is reversible. 
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Figure 5: a) PL spectra of 25 nm films of dendrimer 1 before (solid) and after (dashed) exposure 
to pNT (200 s exposure), DNT (600 s exposure), and DNB (600 s exposure). b) PL 
intensity at 398 nm for 25 nm (solid) and 80 nm (dashed) films vs duration of analyte 
exposure. Excitation wavelength was 355 nm. 
For many of the polymer sensing materials very thin films of order 10-15 nm are used.5, 7, 12 In the case of dendrimer 1 
the thinnest film is still thicker than the polymer films and it is interesting that even the thick film can detect the presence 
of the analyte rapidly. It is important to note that for real time detection purposes it is not necessary to fully quench the 
film but rather a measurable change needs to be observable. The advantage of using thicker films is that it has been 
DNB – a) DNB – b) 
DNT – a) DNT – b) 
pNT – a) pNT – b) 
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shown that thin dendrimer films can be less luminescent21 making changes in luminescence more difficult to observe, 
and thin films are more susceptible to the effects of photooxidation. The difference in levels of quenching for the less 
volatile analytes (DNT and DNB) of the thin and thick films can be explained by assuming that the rate of diffusion of an 
analyte into the film to a first approximation does not vary with overall film thickness. If this is the case then the thin 
films will be fully quenched by analyte diffusing through the bulk of the film while in the same time frame only around a 
third of the thick films will have analyte in them. This is reflected in the percentage quenching seen at the short time 
scales. The fact that the PL of the thick films is not quenched to the same level at ‘equilibrium’ (Figure 5b) by the less 
volatile solvents suggests that they are not able to penetrate through the complete film. These results are in contrast to 
pNT, which shows no film thickness dependence (Figure 5b). This result suggests that pNT diffuses very rapidly 
throughout the dendrimer films. The diffusion of the pNT into a sensing film has recently been studied by neutron 
reflectivity.22 The neutron reflectivity data showed that the pNT caused the sensing film to swell and that diffused 
essentially through the whole film. It may be that lower vapor pressure DNT and DNB effectively ‘precipitate’ in the 
film and are not as good plasticizers as the high vapor pressure pNT. However, the diffusion profiles of DNT and DNB 
into the films will need to be studied. Nevertheless, these results show that dendrimer 1 is able to detect trace levels of 
nitroaromatic vapors rapidly. 
5. CONCLUSIONS 
In this study we have shown that dendrimer 1, which is comprised of a tetra-n-hexyl substituted bifluorene core, first 
generation biphenyl-based dendrons, and 2-ethylhexyloxy surface groups, can be successfully used to detect 
nitroaromatic compounds both in solution and in the solid state. The detection occurs via an oxidative PL quenching 
mechanism. The dendrimer readily forms highly reproducible and luminescent thin films, which provide a strong, real-
time response to the trace levels of analyte vapors. The results show that dendrimer 1 shows some selectivity in its 
response to analytes, providing a greater level of quenching with nitroaromatic analytes compared to other high electron 
affinity aromatics in solution. 
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